Introduction and Motivation
[2] Mineral dust suspended in the atmosphere interacts with the solar and earth's thermal radiation, thereby affecting the climate radiative budget [Miller and Tegen, 1998; Sokolik et al., 2001] . Dust may affect clouds properties in two ways: by serving as cloud condensation nuclei (CCN) changing the cloud microphysical and dynamical properties [Twomey et al., 1987; Rosenfeld et al., 2001; Kaufman et al., 2005] , or by changing the local stability by absorbing and scattering the solar radiation [Hansen et al., 1997; Sokolik et al., 2001; Koren et al., 2008] . Such changes will affect the cloud lifetime, coverage and optical properties [Albrecht, 1989] . The last Intergovernmental Panel on Climate Change (IPCC) report [IPCC, 2007] acknowledged that the forcing due to atmospheric aerosol poses the largest uncertainties in our understanding of the climate system. The knowledge of mineral composition of transported dust is essential to understanding of climate forcing and its magnitude, mineralogy of dust sources, aerosol optical properties, and dust biogeochemical feedbacks. Dust mineralogical content may provide clues for understanding the mechanisms behind dust variability and continental provenance [Sokolik et al., 2001] .
[3] The Bodélé depression, Chad in North Africa, is widely regarded as the world's largest source of mineral aerosols [Prospero et al., 2002; Washington et al., 2006] . A rare combination of global wind pattern, topography, mineralogical composition and surface soil properties could explain the intense dust production observed throughout the year in this area (Figures 1a and 1b) . The following is known about the dust dynamics of Bodélé: (1) the existence of the Bodélé Low Level Jet (LLJ) winds playing a key role in the dust emission and initial transport out of the region leading to long-range transport in the large-scale Harmattan northeasterlies ; (2) the structure of the valley between the Tibesti (2600 m) and Ennedi (1000 m) massifs serves as a 'wind lens', guiding and focusing the surface winds to the Bodélé [Koren et al., 2006] ; and (3), Bodélé mainly consisting of low density diatomite (remains of silicate algae) and eroded diatomite sand [Bristow et al., 2009] , and free of vegetation;
[4] Dust from the Bodélé extends for thousands of kilometers . Koren et al. [2006] estimated that more than half of the dust that is deposited annually in the Amazon forest originates in the Bodélé depression, therefore providing the nutrient supply to the soil of the Amazon which is shallow, lacking of soluble minerals and due to heavy rains poor in nutrients. The corresponding plumes have been monitored by a variety of satellite-based instruments [Prospero et al., 2002; Meloni et al., 2004; Kaufman et al., 2005; Chappell et al., 2008] . Nevertheless, the conventional aerosol inversion of a few selected wavelengths (such as MODIS; see Figure 1a and 1b) was designed to retrieve the aerosol optical depth and some information on the spectral dependence (such as fine fraction or Angstrom exponent). Therefore, the spectral resolution does not suffice to determine the mineral composition of atmospheric dust.
[5] Here we argue that because of the complex nature of light scattering by aspherical, size-distributed atmospheric dust, its spectral scattering features are, likely, smooth -in contrast to the distinct spectral features (e.g., sharp peaks) characterizing mineral absorption. Thus, the two can be separated. This argument, along with the possibility of high spectral and spatial resolution, pointed us to hyperspectral technology from space. The Hyperion data onboard the Earth Observing 1 (EO-1) satellite is used in this study. The Hyperion is a hyperspectral sensor designed to simultaneously acquire data in 244 spectral bands across the 350-2500 nm region with 10-nm sampling interval (see Figures 1c -1d ) and 30-m pixel size.
[6] While so far such hyperspectral technology has been used mostly for land and water applications, here we make the first attempt of using it to study atmospheric dust from a mineral perspective. In this study we confine ourselves to two questions: (1) Can we sense the atmospheric dust features in the short wave infrared spectral range (2100 -2380 nm), despite the strong signal of the underlying surface? (2) If so, is it possible to extract atmospheric dust mineral composition? Below, we report that the answer is yes to both questions.
Image Processing and Data Analysis
[7] We examine two images over the Bodélé depression (17°N, 18°E), Chad, acquired by Hyperion EO-1: (1) June 7, 2003 at 9:04 local time during a heavy dust storm event; (2) June 21, 2003, at 9:06 corresponding to a calm, clean day. The images were pre-processed and adjusted similarly as described in the Hyperion user guide, [Barry, 2001] . This enabled us to distinguish between high frequency (e.g. absorbencies) and low frequency (e.g. scattering) features. Both images were then processed to remove molecular attenuation via the ACORN atmospheric correction code (AIG-LLC, Boulder, CO). Strong water vapor bands near 1400 and 1800 nm were removed because of the very weak spectral signals at these regions. Finally, the images were mutually georeferenced for subsequent spatial change detection analysis and spectral smoothing (averaging of several consecutive values around a nominal wavelength) was applied to every pixel in the image and matched to known mineralogical information [Duckworth, 2004] . Additional smoothing filter (segment size for averaging 3 Â 3) was applied to SWIR region in order to remove the remaining noises.
[8] Spectral reflectances from eight representative sites, spanning the Visible-Near Infrared-Short Wave Infrared spectral range (VIS-NIR-SWIR: 420 -2380 nm), are given in Figure 1d . However, to compare clean day and ''dusty'' day pixels, we confine our spectral range to the SWIR region only (2100 -2380 nm) because of atmospheric The intrinsic spectral features that appear in the form of bands and slopes in the VIS (400-700 nm) and NIR-SWIR (1300 -2500 nm) bidirectional reflection spectra of minerals are caused by various electronic and vibrational modes, for example, the 2200 nm features caused by vibrational combination tones involving the AlOH fundamental-bending mode. Materials that exhibit these features can be distinguished from those based on the MgOH bending modes, such as amphibole and carbonates, because the latter produce bands near 2300 nm and 2335 nm [Hunt, 1977] . transparency, constant optical properties and inclusion of distinct absorption features of hydroxyl-bearing minerals, sulfates, and carbonates common to many geologic units and hydrothermal alteration assemblages.
[9] Next, we identify surface minerals lifted by the wind and staying aloft as dust.
To that end, we analyze spectral reflectance from three different sites. Region of interest (ROI) is delineated on the dust image in a centre of a dust plume ( Figure 2) ; the corresponding ROI in the clean day data (Figure 2 ) was delimited along the same image column (2 Â 2 or 2 Â 3 pixels in average, covering an area of 80 to 120 m, respectively). The average spectra of all pixels within each ROI for clean and dust days data were examined and then compared (Figure 2, right) . The clean image pixels were chosen so that they are similar in their mineralogical composition both, visually and spectrally, for each studied area. To deduce mineralogical composition of the selected ROIs, we show the weighted spectral synthetic mixtures of pure minerals (dashed lines) that are closest to the spectra measured from Hyperion (continuous lines) on the clean and dust day. The synthetic spectra are obtained from using the Linear Spectral Unmixing techniques (LSU) [Adams et al., 1986] . Briefly, LSU deconvolves spectrum into several pure minerals (end-members, EM), derived from a laboratory-based pure mineral spectral library. The spectral library used in this study was generated by selecting spectra from USGS Spectral Library for Minerals database according to the Chad formation mineralogy. The source of reference was based on geologic map [Cratchley et al., 1984] and a literature search [Wright et al., 1985; Claquin et al., 1999; Mounkaila et al., 2003; Moreno et al., 2006] . The constructed library contained phyllosilicates, sulfates, iron oxides, and carbonates (20 minerals).
[10] In summary, because obtaining field data is still not a straightforward mission [see Mounkaila et al., 2003] , LSU is employed to estimate as accurate as possible the main Comparison of reflectance spectra of Hyperion satellite (continuous lines) and synthetic mixtures of pure minerals (dashed lines) over same locations between the clean day (blue lines) and the dust day (red lines). Differences in absorption wavelengths position between dust and clean curves are significant. Doublet absorption at 2163 nm combined with 2200 nm due to presence of kaolinite, are evident in the dust spectra, thus indicating its upstream airborne origin. This constitutes evidence for mineral-based tracking of atmospheric dust. mineralogical components within an image [Adams et al., 1986] .
Results
[11] Figures 1c -1d and Table 1 summarize the spectra of selected surfaces at the Bodélé depression, as obtained from the Hyperion clean day (no suspended dust) data. At the top of the image, in the vicinity of Tibesti, soils across VIS region exhibit absorption due to the high iron content. These effects are slightly weaker at the southern part of the image, across sand dunes, and absent on the diatomite surface. Across the SWIR region all sediments are relatively homogeneous and rich with alumino-silicate and clay minerals. The clay mineral composition is dominated by kaolinite, kao-smectite, montmorillonite and muscovite. Absorption features related to amphibole, nontronite, dolomite, calcite, chlorite and gypsum are also observed. These results are at least partially supported by the field measurements conducted by Mounkaila et al. [2003] , who collected 200 samples over the Bodélé and Lake Chad area. They found that clay mineral composition is dominated by smectite and kaolinite in the topsoils, with Fe-oxides/ oxy-hydrates occurring regularly, with the exception of some limnic deposits, and that quartz and feldspars are the predominant minerals in the bulk samples.
[12] Similar spectral analyses were used on the dust image. A direct spectral analysis of the dust pixels is a tremendous challenge due to its size-distributed wavelengthdependent morphological and optical properties, chemical composition, nonsphericity, and its large spatial and temporal variability [e.g., Sokolik and Toon, 1999; Sokolik et al., 2001; Dubovik et al., 2002] . The question is whether the absorption spectral signatures of the atmospheric dust can be detected despite these difficulties? With the hyperspectral and high spatial resolution data, the answer is Yes as can be seen in Figure 2. [13] Three different regions are selected in Figure 2 and in each case, dusty day and underlying (calm, clean day) surface pixels, are extracted as paired spectra for comparison. Combining the paired spectra with the LSU (synthetic spectral model) analyses, we can state with confidence that ''dusty'' mineral composition differs significantly from that of the clean day surface. The following can be gleaned from the reflectance information in Figure 2 . In area A, the ground diatomite surface displays a relatively broad absorption at 2200 nm which we attribute to the clay component mixed with some alumino-silicate minerals. In contrast, particles of the dust source in area A contained a mixture of kaolinite with gypsum. Kaolinit characterized by doublet absorption at 2163 nm combined with 2200 nm. This double absorption feature is absent at the equivalent surface pixels. In area B, sand surface denoted as B exhibits presence of calcite (CaCO 3 , absorption near 2340 nm) mixed with nontronite (absorption centered at 2300 nm). As for area A, dust pixels of area B exhibit a strong presence of kaolinite with sulfate group minerals. In area C, soil surface C is interpreted as a mixture of kaosmectite with amphibole. The dust spectra above exhibit the strong presence of montmorillonite mixed with microcline or muscovite: both, in turn, displaying similar V-structures at 2200 nm and absent at the surface.
[14] All three cases highlight differences in absorption wavelengths between the ''dusty day'' and ''clean day'' curves, indicating that the spectrum of airborne dust is distinct from that of the underlying surface. Therefore, atmospheric dust originates upwind of the studied area, from sources containing the suspended minerals. The characteristic spectral signature of the dust pixels from areas A and B, associated with kaolinite, is absent on the ground. Different absorption structure at dust source of area C fit the spectral composition of montmorillonite with muscovite or microcline, and is significantly different from the ground spectra. Moreover, the absorption features of the all underlined surfaces (A, B, and C) around 2300 nm are also absent on their corresponding dust spectra.
Discussion
[15] The unique (high frequency) spectral features observed within the SWIR region of the atmospheric dust spectra, and their exact wavelength position, are unlikely to be scattering artifacts. Indeed, it appears improbable that multiple scattering would conspire to mimic such distinct spectral features at the exact spectral values. Differences in absorption features of the three underlying surfaces (A, B and C) around 2300 nm are also evident. These findings practically rule out multiple scattering as a possible cause for the observed spectral differences, thereby constituting first evidence for mineral-based tracking of atmospheric dust.
[16] The minerals that appear only on the dusty day data (for the same geographic location) eroded, most likely, from upwind sources (relative to the sampling area) and are surely part of the suspended dust. It is the combination of the source and dust entrainment conditions that determine the mineral composition of the suspended dust as well as subsequent particle aggregation [Sokolik et al., 2001] . Therefore, for the minerals that were detected in both the clean day and dusty day data, we can not rule out that the information came from the underlying background though it is likely that these minerals compose the atmospheric dust as well.
[17] Despite the insight we gained into the mineral composition of the dust derived from hyperspectral Hyperion image, much work remains to be done. There is the problem of contrast, typical of much remote sensing: how can one analyze dust pixels when the contrast with the underlying surface is weak? This is often the case, particularly in the immediate vicinity of the dust source, and then it is difficult to separate contribution of the dust plume from that of the underlying surface. What minerals are lifted and what are settled in the vicinity and downwind of the dust source? Another interesting question relates to the relative abundance of various minerals in the dust mixture or precise quantitative determination of dust mineralogical composition.
[18] In this paper, we asked whether the hyperspectral technology can assist in exploration of atmospheric dust. The main idea was: does the hyperspectral technology allow one to compare key minerals contained in atmospheric dust, relative to the underlying surface seen on a clear day. To that end, we demonstrated that indeed the spectral information of some of the key minerals in the suspended dust is not obscured by the scattering process and absorption features are detectable across SWIR region of spectra. Our evidence shows characteristic spectral signatures of atmospheric dusts, unlikely to be scattering artifacts. The dust properties were derived from the spectral signature in the SWIR (2100 -2380 nm) while those of the surface so from the VIS as well. Our approach of inferring mineralogical information of atmospheric dust aerosols from remote optical measurements suggests new possibilities in the general field of atmospheric remote sensing.
